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We review recent developments in leptogenesis on flavor effects. Their account discloses an important connection
between the matter-antimatter asymmetry of the Universe and CP violation at low energies. Besides, they modify
the upper bound on the neutrino masses holding in the unflavored case. In this respect, it is important to identify
the exact condition for flavor effects to be relevant and for the ‘fully flavored’ Boltzmann equations to be valid.
1. Introduction
In the context of leptogenesis [1], it has been
recently realized that the flavor composition of
the leptons produced in the decays of the heavy
right-handed (RH) neutrinos, plays an important
role [2,3] (see also [4–7]).
The most striking consequence is the possibility
that leptogenesis stems uniquely from the Majo-
rana and Dirac phases [2,8–10]. This can happen
because in flavored leptogenesis, contrarily to the
unflavored case, the final baryon asymmetry de-
pends also on the PMNS matrix and on its phases.
It turns out that even imposing CP invariance at
high energy, it is still possible to explain the ob-
served baryon asymmetry of the Universe thanks
to low-energy CP violation alone [8–10]. This in-
triguing scenario is not viable in the unflavored
picture and makes the search for CP violation in
the neutrino sector even more exciting.
On the other hand, accounting for flavor effects
does not help to solve the problem of the large re-
heating temperatures (T & 3×109GeV) required
to have successful leptogenesis when a hierarchi-
cal RH neutrino spectrum is assumed [9]. This
problem can only be solved, within the minimal
scenario, going beyond the hierarchical limit for
the spectrum of RH neutrino masses [6,11].
Another important implication of flavor effects
concerns the role played by the absolute neutrino
mass scale in determining the asymmetry. In the
unflavored case there is a stringent upper bound
on the lightest active neutrino mass, m1 ≤ 0.1
eV [12]. It has been claimed in [3] that this bound
disappears when flavor effects are accounted for
using the ‘fully flavored regime’, where a set of
classical Boltzmann equations can be still used.
However, the right condition for the fully flavored
regime to be valid has been found to be more re-
strictive [13]. This implies that a conclusive an-
swer to this issue and a precise value of the bound
requires additional investigation and in particular
a full quantum kinetic description of the lepton
and anti-lepton density matrix evolution.
2. Fully flavored regime
Leptogenesis relies on the see-saw mechanism,
the simplest way to explain neutrino masses. The
Standard Model Lagrangian is augmented with a
neutrino Yukawa-type term (hL¯NΦ) and a Majo-
rana mass term for the heavy right-handed (RH)
neutrinos, whose masses are denoted with M1 ≤
M2 ≤ M3. Let us assume that a ‘fully flavored
regime’ holds. This means that the leptons are
fully projected onto the flavor base and are de-
scribed in terms of flavor eigenstates. We will
discuss later on the condition for the validity of
the fully flavored regime. Since we will consider
RH neutrino masses larger than ∼ 109 GeV, the
muon Yukawa interactions are not effective and
we can limit our discussion to the two-flavor case
(τ and a combination of µ and e, which we shall
denote ‘eµ’). The individual flavored asymme-
tries, ∆α ≡ B/2 − Lα, have to be tracked sepa-
rately and the final asymmetry has to be calcu-
lated as a sumN fB−L =
∑
α N∆α , where withNX
we indicate the X-abundance per number of RH
neutrinos in ultra-relativistic equilibrium. The
set of flavored equations can then be written as
1
2dNN1
dz
= −D1 (NN1 −N
eq
N1
), (1)
dN∆α
dz
= ε1αD1 (NN1 −N
eq
N1
)− P 01αW
ID
1 N∆α ,
where z ≡ M1/T and, for simplicity, we are tak-
ing into account only decays and inverse decays.
The decay term is given by D1 ≡ ΓD1/(Hz) ∝
K1, where ΓD1 is the total decay rate of N1 →
LΦ†(L¯Φ), H is the expansion rate and K1 is
the decay parameter; the inverse decay wash-out
rate is given by W ID1 ≡ ΓID/(2Hz) ∝ K1 where
ΓID = ΓD1N
eq
N1
is the inverse decay rate.
The projectors P1α give the probability that
the lepton state coming from the decay of the
heavy neutrino has a flavor α, such that they add
up to 1 and the upper script ‘0’ indicates tree
level. There are two main differences compared
to the usual unflavored case. 1) The individual
CP asymmetries are not simply proportional to
the total CP asymmetry ε1 but they contain an
additional contribution such that ε1α = P
0
1αε1 +
∆P1α/2 [4,2], where the differences ∆P1α ≡ P1α−
P¯1α arise from loops and they are naturally of
order O(ε1). 2) The α-flavor wash-out term is
reduced by the projector P 01α.
3. Implications of flavor effects
Let us now discuss how the leptogenesis predic-
tions get modified in the fully flavored regime.
1. In the unflavored case, assuming a hierar-
chical spectrum of RH neutrinos, M2 &
3M1, successful leptogenesis implies a strin-
gent lower bound on M1 and on the re-
heating temperature [14]. This is given by
M1 (Treh) & 3 (1.5) × 10
9GeV at the onset
of the strong wash-out regime for K1 & 3,
where there is no dependence on the initial
conditions and by M1, Treh & 4 × 10
8GeV
for an initial thermal abundance and for
K1 ≪ 1. This lower bound conflicts with
the upper bound coming from the avoidance
of the gravitino problem within a super-
symmetric version. Unfortunately, flavor ef-
fects do not help to solve this problem [9].
It is however true that at fixed K1 ≫ 1,
there can be a relaxation that is only a
factor ∼ 2 in the ‘democratic case’, when
Pτ ≃ Peµ ≃ 1/2, while it can be much larger
in a α-dominated scenario, especially when
the low-energy phases are switched on [9].
2. Flavor effects disclose a new intrigu-
ing possibility, a scenario of leptogene-
sis where the asymmetry production stems
uniquely from non-zero low-energy CP-
violating phases [8–10]. This is possible
because the additional contribution to the
individual CP flavored asymmetries, the
∆P ’s, depends on the PMNS mixing ma-
trix. On the contrary, it is well known
that the dependence in the total CP asym-
metry cancels out by unitarity. There-
fore, even though the total CP asymmetry
ε1 =
∑
α ε1α vanishes, the individual CP
asymmetries in general do not. However,
in this scenario and for a hierarchical heavy
neutrino spectrum, successful leptogenesis
is obtained mostly in the weak wash-out
regime where there is dependence on the
initial conditions [9]. This problem can be
circumvented going beyond the assumption
of a hierarchical heavy neutrino spectrum
[15].
3. Besides the extreme case of leptogenesis
from low-energy phases, flavor effects can
yield large deviations from the unflavored
case also in other situations, in particular
in the so-called ‘one-flavor dominated sce-
nario’ [9]. This is realized when one pro-
jector is much smaller than unity but nev-
ertheless, thanks to the ∆P contribution,
the two CP asymmetries are comparable
with each other. This scenario is not as ex-
ceptional as one could think a priori, espe-
cially when going toward a degenerate light
neutrino spectrum and/or when low-energy
phases are turned on.
4. There exists an upper bound on the indi-
vidual CP asymmetries, proportional to the
absolute neutrino mass scale [3]
|ε1α| < ε¯(M1)
√
P 01α
m3
matm
maxj [|Uαj |], (2)
3where ε¯(M1) ≡ 3M1matm/(16piv
2). This is
in contrast with the upper bound on the to-
tal CP asymmetry that is inversely propor-
tional. The absolute value of the individ-
ual CP asymmetries can thus become much
larger than the one of the total CP asymme-
try when a quasi-degenerate neutrino spec-
trum is considered. This leads to the con-
clusion that the stringent upper bound on
the neutrino masses holding in the unfla-
vored regime, m1 ≤ 0.1 eV [12], disappears
in the fully flavored regime [3].
5. The possibility to circumvent the neutrino
mass upper bound motivates a careful anal-
ysis of the condition of validity of the fully
flavored regime. A necessary condition is
that the tauon Yukawa interactions must be
in equilibrium, i.e. Γτ & H , and this trans-
lates into T . 1012 GeV [2,3]. However,
this condition is actually not sufficient when
K1 ≫ 1 [13]. More restrictively, one has
to impose that the charged Yukawa interac-
tions have to be faster than the RH neutrino
inverse decays. This condition is maximally
restrictive in the case of one-flavor domi-
nance, affecting the possibility to evade the
neutrino masses upper bound. The reason
is simply that when m1 increases in the
quasi-degenerate spectrum, K1 – and there-
fore the inverse decay rate – increases as
well, making the condition for the validity
of the fully flavored regime more restrictive.
This results into an inability of the fully fla-
vored regime to solve the issue whether the
upper bound holding in the unflavored case
is circumvented or not and into the neces-
sity of a full quantum kinetic description of
the lepton density matrix evolution. Notice
that an upper bound m1 . 2 eV holding
in the fully flavored regime and consistent
with the more restrictive condition that we
have just discussed has been found [13,16],
but it is not saturated and moreover af-
fected by large uncertainties and therefore
not conclusive.
4. Conclusions
Flavor effects modify the conventional picture
in a very interesting way. The most striking con-
sequence is that a scenario where only the low
energy phases are responsible for CP violation be-
comes viable. On the other hand, flavor effects do
not solve the problem of large reheating temper-
atures when a hierarchical RH neutrino spectrum
is assumed. It is still not obvious if the neutrino
mass upper bound is evaded. A full quantum ki-
netic description is needed in this respect.
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